Abstract. An application of regression relationships depending on geomorphic parameters is proposed to predict the amount of the average annual suspended sediment yield at different sections of the drainage network. Simple and multiple regression relationships, utilising the drainage density and the hierarchical anomaly index as independent variables, based on data from 20 river basins of different size located in Italy, are here tested. An application is also shown for a small river basin located in central Italy where it is possible to compare the obtained suspended sediment yield estimates with reservoirs siltation data. The results confirm the potential applicability of regression equations for estimating the suspended sediment yield depending on the topological behaviours of the river network. A discussion of the reliability of the method for ungauged basins is also provided, which puts in light the necessity of additional tests to support the application of the approach to small size watersheds.
Introduction
The assessment of sediment yield is an important issue in engineering practice. The transport of sediments in rivers implies a series of side effects such as reservoirs siltation and channel bed modification which can interfere with human activities. In particular, sediments eroded from the slopes can accumulate in the river network therefore affecting channel water conveyance. This is the case, for example, of the watersheds comprised between the Apennine ridge and the Adriatic Sea in central Italy, where streams are relatively short and the river network morphology is characterised by very steep slopes and gently inclined valley bottoms. Being able to quantify the potential sediment yield along a watercourse is therefore an important requirement in land and river manCorrespondence to: S. Grauso (grauso@casaccia.enea.it) agement. In Italy, observations of suspended sediment yield are usually present only at the outlet of large watersheds. Therefore there is a lack of information with regard to the sediment supply and deposition processes along the river network, especially in the case of small watersheds.
In order to estimate the potential sediment yield in ungauged river networks researchers have tried, for many years, to develop empirical, such as the Modified Universal Soil Loss Equation (Williams, 1975) and physically based, such as SHESED (Wicks and Bathurst, 1996) , approaches. Both approaches try to parameterise the sediment detachment and transport processes on the basis of different variables. To this aim, Kirkby and Cox (1995) pointed out that hydrological processes responsible for rill formation seem to be prominent at the hillslope scale. Topographic and pedologic behaviours, as well as vegetation, prevail at the basin scale, which represents a local planning level; while climate and lithology take relevance at the regional scale, which constitute the national and international level.
The estimation model should be chosen by taking into account watershed behaviours and data availability. In fact, physically based models are expected to provide a detailed schematisation of the inherent processes but require the integration of various submodels dealing with meteorology, hydrology and hydraulics. Such models may be extremely onerous in term of input data requirements. As a matter of fact, the high number of the involved parameters may lead to significant uncertainty of the soil erosion estimates when the input information is scarce.
To overcome this problem, several authors have shown the effectiveness of statistical relationships which allow one to estimate the river sediment transport depending on easily available geomorphologic, hydrological and climatic parameters. In this respect, Anderson (1957) considered the use of multiple regression analysis to relate sediment yield to watershed behaviours, while Langbein and Schumm (1958) studied the link between mean annual precipitation and sediment yield in drainage basins in the United States. Fournier (1960) developed an empirical equation to predict suspended sediment yield depending on watershed morphology and climate. In detail, the independent variables of the relationship developed by Fournier (1960) are the relief index H 2 /S, where H is the mean altitude of the basin and S is the basin area, and a climatic index given by the ratio p 2 /P , where p is the mean maximum monthly precipitation (mm) and P is the average yearly rainfall (mm). Douglas (1968) set up a multiple regression equation for small watersheds located in Australia to express the sediment yield depending on three parameters, namely, the Fournier's climatic index previously introduced, the bifurcation ratio and the drainage density D d , defined as the ratio between the total stream channels length and the basin area (Horton, 1945) . Lately, Ichim and Radoane (1987) analysed 99 small Romanian catchments to develop multiple regression models for sediment yield estimation. Recently Restrepoa et al. (2006) developed a multiple regression model for estimating the sediment yield in a South American watershed.
In Italy similar investigations were carried out by Bassi (1961, 1964) and by Cavazza (1962 Cavazza ( , 1972 . Lately, Ciccacci et al. (1977 Ciccacci et al. ( , 1980 Ciccacci et al. ( , 1987 investigated the correlation between the average yearly sediment yield per unit watershed area (SSY) and some geomorphologic, hydrological and climatic parameters from 20 watersheds in Italy. They found a significant dependence between SSY and the drainage density. Moreover, in order to provide a better explanation of SSY variability, they also performed a multiple regression analysis by including a second variable which, in turn, was the hierarchical anomaly index a , which depends on the degree of river network organisation in a binary tree shaped structure (Avena et al., 1967) , the mean annual river discharge Q (m 3 /s) and Fournier's climatic index.
From a mechanistic point of view, the dependence between the yearly sediment yield and the above geomorphoclimatic parameters is explained by the relationships between climate, watershed features and river network topology. In fact, watershed erosion is favoured by scarce vegetation coverage, bedrock and soil erodibility and intense weather events.
Eroded sediments are subsequently conveyed to the river network. Part of them can be deposited along the stream bed and the remaining part is conveyed downstream as sediment yield. By comparing the estimated value of the SSY for subsequent river cross sections along the main stream one can obtain an estimate of the amount of the deposited sediments.
On the basis of the above considerations, the aim of this study is to further prove the reliability of the geomorphic approach for estimating the SSY at different cross-sections of a drainage basin depending on selected geomorphologic features of the contributing watersheds. A systematic testing of the relationships previously proposed by Ciccacci et al. (1987) is first presented in order to verify their reliability for ungauged basins. Then, we show an application of the latter to the Calvano River basin, located in central Italy, where the availability of reservoir siltation data allows to check the reliability of the SSY estimates for a number of small size subwatersheds.
The final aim is to derive a working methodology suitable for our purposes, in order to provide land managers with a technically and scientifically relevant insight into the order of magnitude of the sediment yield and sediment deposition along the river network. The empirical nature of the adopted approach is similar to that of the Universal Soil Loss Equation and derived formulations Smith, 1965, 1978; Williams, 1975; Renard et al., 1997) .
Case studies description

The 20 gauged Italian watersheds
As already mentioned in the introduction, a regression analysis has been performed by Ciccacci et al. (1987) for the purpose of estimating SSY at the outlet of 20 watersheds located along the Italian peninsula, from north to south of the Apennine mountain ridge. In the selected watersheds, the climate is varying from fresh-temperate, in the hilly-mountainous zones with average yearly precipitations more than 1 mm, to more typically Mediterranean, i.e. hot-subtropical temperate, in the hilly-coastal zones with average yearly rainfall around 600-700 mm. Mean annual water discharge also varies from less than 1 m 3 s −1 in the smallest watersheds (<100 km 2 ) which are located in the southern Apennine, to 3-13 m 3 s −1 in the medium size watersheds (100-600 km 2 ) of the northern-central Apennines; the maximum value (32 m 3 s −1 ) is showed by the Volturno river basin, located in the southern Apennines, which is the widest one (2.015 km 2 ). For the most part they are composed of terrigenous rocks such as marly arenaceous flysch, clays, sandy clays and conglomerates. It is generally agreed that suspended sediment may represent as much as 90% of total sediment yield in morphoclimatic areas ranging from arid to humid, if terrigenous rocks are prevalent (Cooke and Doornkamp, 1974) .
The list of the watersheds along with the value of their drainage density, hierarchical anomaly index and contributing area are reported in Table 1 .
The Calvano River ungauged watershed
The Calvano watershed, whose contributing area at the basin outlet is about 35 km 2 , is located in central Italy close to the Adriatic sea (Fig. 1) . The maximum elevation is 461 m a.s.l., at the south-western edge of the area. The landscape is characterised by hilly ridges and narrow stream valleys, mainly oriented SW-NE, modelled on sandy-clay terrains and subject to significant erosive processes. These lands are made up by pelagic sediments and continental eroded materials of middle Pliocene-lower Pleistocene age (the Mutignano Formation). The hilltops are constituted by sands and conglomerates of marine-transitional and continental environments and capping clays with intercalated conglomerates and sands ("Blue Clays", Fig. 2 ). Recent alluvial deposits and fluvial terraces (Holocene) are displaced along the valley bottoms.
The climate over the watershed is Mediterranean, with long dry summers and rainfalls concentrated in winter periods. The average yearly rainfall is about 750 mm. The climatic regime induces soil aridity and superficial soil cracks during the summer, mainly on clay south facing slopes, which heavily affect slope stability and soil erosion vulnerability. The soil is characterised by a reduced permeability that may induce flash floods after heavy rainstorms.
Land use is characterised by intense urbanisation along the coast and by scattered farms in the inner hilly areas, which are extensively cultivated with arables, olives and vineyards. The frequent use of cultivation techniques such as up and down tillage triggers rill/gully erosion and mudflow processes that, in turns, can generate severe erosion forms such as large mass movements and badlands on sandy-clay slopes. Nowadays, many cultivated areas are being abandoned and the natural vegetation is beginning to reinstate. Some small reservoirs are spread over the watershed for irrigation purposes.
According to Strahler's classification, the Calvano River basin is ranked as 5th order. It shows a sub dendritic drainage network pattern, where the main stream is controlled by recent tectonic activity while secondary streams are strongly influenced by lithology and slope dynamics. In fact, the hy- drographic network is mostly developed in the hilly part of the watershed, where well developed, sometimes spectacular, badlands systems (calanchi) occur, prevailingly on south facing slopes. Both the main and the tributary watercourses are embedded in narrow valleys. The Calvano main stream valley opens in the coastal-alluvial plain which is rather limited in extensions as it is a few kilometres long from the confluence of the two main tributaries (Fosso Reilla and Fosso di Casoli) to the sea mouth. The above described geomorphological setting determines a significant risk of flooding for the human settlements located downvalley (CNR, 1993) , mainly around the city of Pineto which is located on the river mouth. In July 1999 a severe flood occurred that submerged the coastal area with heavy damages to structures, roads, buildings and a high number of evacuees. Immediately after that catastrophic event, the local Authority commissioned a study with the aim to design precautionary measures and river engineering works to reduce the flood risk. The triggering factor of the flood that occurred in 1999 was recognised as the accumulation along the main stream of the Calvano River of sediments supplied from the tributaries. The sediment yield was favoured by the low bedrock permeability, the high watershed slope and the fine texture of sediments (Commissione Tecnica, 1999) .
Framework of the analysis
The SSY is herein estimated by using the geomorphic approach, depending on selected geomorphological features of the contributing watershed. For the Calvano watershed the aim is to obtain a distributed picture of the concentration of suspended sediments along the river network, therefore identifying the river reaches where sediment income and deposition mainly occur.
The basic assumption of the method is that the SSY can be reliably predicted depending on the drainage density D d and the hierarchical anomaly index a of the river network, through a multiple regression approach that is calibrated by using an extended data set of SSY data collected in the 20 Italian river basins described in Sect. 2.1. We will identify with G a the minimum number of 1st order streams necessary to make a drainage network perfectly ordered in a tree shaped structure with streams of order u flowing into streams of order u+1. Then, the hierarchical anomaly index a is given by the ratio G a /N 1 (Avena et al., 1967) , where N 1 the number of 1st order channels actually occurring in the drainage network.
D d and a appear to be significant parameters when estimating SSY, as they can synthesise the links among climatic, vegetation, river network and geological conditions whose combination results in watershed erodibility potential. From a mechanistic point of view, the connection among SSY, D d and a can be explained by qualitative considerations. In fact, as soil erosion leads to the development of the drainage network, drainage density and SSY should be related by a non decreasing relationship. Further insights can be gained by considering that the drainage density of a watershed is a conservative function of the drainage densities of its subwatersheds and therefore it is conserved through an increase of the catchment extension. Given that sediment deposition along the river network is inducing a dispersion of the sedi-ments themselves, it follows that the link between SSY and drainage density should be non conservative with respect to an increase of watershed area. Therefore, if sediment deposition occurs, SSY and D d should be non linearly related. More specifically, under the assumptions that drainage density decreases for increasing watershed area (because the average slope of the watershed decreases as well) SSY should decrease more than linearly for decreasing drainage densities.
An analogous reasoning may allow one to conclude that SSY should increase for increasing a . In fact, a hierarchically anomalous river network implies that some streams flow into river reaches whose order is more than one unit greater. This induces an increase of SSY with respect to a perfectly ordered river network, given that the presence of anomalies typically indicates that the network is still under development and therefore the watershed is still undergoing a significant soil erosion. However, the structural form of the link between SSY and a is not easily identifiable with a qualitative analysis.
The recognition of the above links makes it reasonable to assume that a part of the variability of the SSY along the river network can be explained depending on D d and a , with a non linear relationship with respect to the former.
3.1 Estimating the suspended sediment yield through regression relationships Ciccacci et al. (1987) developed an extensive analysis of SSY data that refer to the 20 Italian watersheds described in Sect. 2.1. They found a significant dependence among SSY, D d and a that is expressed through the following regression equations:
where SSY is expressed in Mg km −2 year −1 and D d in km −1 . Equation (2), whose independent variable is D d only, can be applied when a is equal to zero, situation that occurs in catchments only consisting of 1st order and 2nd order streams. In these conditions, hierarchic anomaly parameters have no significance, considering that anomaly arises when some streams flow into river reaches whose order is more than one unit higher. The independent variables D d and a for Eqs.
(1) and (2) above were estimated by analysing the drainage networks and basins contours mapped by using the 1:25 000 official topographic maps of the Italian Military Geographic Institute (IGMI). In a previous work, Ciccacci et al. (1980) observed that the exponential relationships above do not provide a good fit for high D d . Accordingly, they proposed to apply a bilogaritmic relationships when D d exceeds a threshold value. However, in the present study the bilogaritmic approach was not considered because of the lack of an extended experimental data base that would be needed to perform a meaningful validation of its results. Therefore Eqs. (1) and (2) were herein applied only to basins where D d <7 km −1 (with only one exception. See Sect. 4 for more details).
The form of relationships (1) and (2) agrees with the mechanistic nature of the processes leading to SSY formation, in compliance with the qualitative considerations summarised above. Quantitative considerations to support the capability of the equations to reliably estimate SSY are provided here below.
3.2 Validation of the regression relationships Ciccacci et al. (1987) reported a coefficient of determination for Eqs. (1) and (2) ranging from 0.95 to 0.96 and an average percentage error of 14%. These statistics refer to the calibration mode and therefore provide limited information about the SSY estimates reliability in out of sample situations. Therefore some considerations and further analysis are needed to substantiate the effectiveness of the above equations when applied to ungauged basins. In fact, it is well known that regression approaches, as well as any empirical parametric model calibrated by fitting observed data, may experience a decrease of performance when applied in practice.
In order to inspect the capability of the proposed relationships to effectively predict the SSY in real world applications a validation exercise was herein performed by applying a jack-knife technique (Haan, 1977) . The main features of the validation procedure can be summarised as follows:
1. the attention is focused on the 20 watersheds where SSY, D d and a data are available;
2. one of these watersheds, say watershed s, is removed from the set;
3. the regression equations are recalibrated by considering the SSY data and geomorphic characteristics of the 19 remaining watersheds;
4. using the regression equations identified at step 3 above the SSY for watershed s is estimated;
5. steps 2-4 are repeated 19 times, each time with one of the remaining watersheds.
The 20 SSY estimates resulting from the model validation, hereafter referred to as jack-knifed SSY values, are then compared with the corresponding observed SSY. The comparison allows us to draw indications on the robustness and reliability of Eqs. (1) and (2). Figure 3 shows a scatterplot of observed versus jackknifed SSY values.
The coefficient of determination of observed versus simulated data in validation mode is equal to 0.98.
The ANOVA test provided a regression F-significance <0.001 and a root mean square error RMSE=97.6 Mg km −2 year −1 . The sample of errors that affected the SSY estimates has a mean value that is not significantly different from 0 and a standard deviation equal to 116.38 Mg km −2 year −1 . Such errors look homoscedastic with respect to the value of the SSY estimates (see Fig. 3 ) and the hypothesis of Gaussianity could not be rejected at the 95% confidence level accordingly to the Anderson-Darling and Kolmogorov-Smirnov normality tests (Kottegoda and Rosso, 1997) . The above statistics could allow one to easily derive confidence bands for the obtained SSY estimates in real world applications. However, we believe that the sample of estimation errors is too short to allow a reliable uncertainty assessment. Nevertheless, it is evident that the performances of the proposed approach are satisfying for the purpose of obtaining a technically useful estimation of the suspended sediment yield along the river network.
Application of the regression relationships to ungauged watersheds
A first prerequisite for applying Eqs. (1) and (2) Ciccacci et al. (1987) , which were used to perform the validation above. The range of the tested D d and a values is also given in order to provide technical indications about the applicability of the SSY estimation model. The homoscedasticity of the estimation error with respect to the value of the SSY estimates (see Fig. 3 ) is a significant indication that the reliability of these latter should not abruptly decrease if D d and a assume values that are slightly outside the ranges provided in Table 1 . However, it is not advisable to sizeably extrapolate the regression equations. Even if D d and a are compatible with the ranges spanned by the calibration data set, one should take into account that the validity of the method was checked with respect to a relatively limited set of climatic, geologic and hydrologic conditions and a relatively limited range of watershed extensions (see Table 1 ). Therefore, any practical application should be preceded by a careful evaluation of the physical behaviours of the considered watershed, that should not be dissimilar with respect to those considered by Ciccacci et al. (1987) . The main characteristics of these latter are given in Sect. 2.1. Further details can be obtained in Ciccacci et al. (1987) .
Moreover, one should note that the proposed relationships provide an assessment of the annual average SSY. They are not conceived to provide an estimate of the SSY that may occur during a short time span when local events, like landslides, may provide a significant contribution to SSY. Given that Eqs. (1) and (2) predict the SSY depending on D d and a , they are suited for case studies where the main contribution to SSY comes from distributed soil erosion. This is the case of the 20 watersheds considered by Ciccacci et al. (1987) as well as the Calvano watershed. It follows that the role of spatially concentrated soil erosion should be carefully considered and separately evaluated.
It is worth mentioning that the correlation between the SSY and the drainage density has proven to be not as significant in some cases (Grauso et al., 2007) . For example, Cannarozzo and Ferro (1985, 1988) found drainage density to be poorly significant in predicting SSY for a number of watersheds located in Sicily (southern Italy). This outcome was attributed mainly to the climatic characteristics of the considered Sicilian basins, where the hydrological regime is characterised by highly variable discharges during the year, due to extended droughts in the summer followed by severe storms occurring in autumn and winter. This behaviour induces the presence of relevant soil erosion in autumn which is not correlated with the river discharge and therefore is poorly related to the behaviours of the river network (Grauso et al., 2007) .
Finally, it is worth mentioning that the above regression method for SSY estimation has been applied in several other studies in Italy (Ceci et al., 1998; Ciccacci et al., 1988; Battista et al., 1988; Lupia Palmieri et al., 1995; Agnesi et al., 1996; Massaro et al., 1996) . In detail, Ceci et al. (1998) applied Eqs. (1) and (2) to an ungauged subcatchment of the Tavo River, which is located close to the Calvano basin and has similar climatic and geomorphological features. The Tavo River watershed is one of the 20 basins considered by Ciccacci et al. (1988) . The SSY estimates were compared with reservoir sedimentation data and with estimates obtained by using different conceptual and empirical erosion models. The resulting differences were always lower than 10% (Ceci et al., 1998) .
Application to the Calvano watershed
The regression Eqs. (1) and (2) have been herein applied to estimate the SSY for a series of subsequent river cross sections of the Calvano watershed. Given that detailed information required to apply a physically based model are not available, the geomorphic approach appears to be a valuable opportunity for the sake of identifying the river reaches that are prone to sediment deposition. In fact, geomorphic parameters can be estimated from maps or remote sensing observations and can be downscaled to the desired spatial resolution.
As it was mentioned before, an important requirement to assure the reliability of the above equations is to verify the similarity of the study watershed with the calibration and validation basins considered by Ciccacci et al. (1987) . To this aim, the Calvano watershed can be included in this family of watersheds as it falls in the same geographic and morphostructural context and shows many similarities with regards to climate and geomorphological characteristics. Furthermore, it is important to note that the Calvano watershed is located few kilometres far from the Tavo River basin, which is one of the 20 fluvial basins considered by Ciccacci et al. (1987) .
From a quantitative point of view, the a values of the whole Calvano watershed and its subcatchments are all included in the respective range spanned by the calibration data set. The same is not true for the D d values. In order to allow an extensive application, Eqs. (1) and (2) were used up to D d <7 km −1 , therefore allowing a 25% upper extrapolation (see Table 1 ). In one case only a value D d =7.51 km −1 was considered. The SSY estimates obtained for the subcatchments where Eqs. (1) and (2) were extrapolated will be individually discussed when analysing the results.
Finally, a remark needs to be made about the watershed extension. In fact, the Calvano watershed is not included in the range of watershed size covered by the calibration data set. The extrapolation to small watershed sizes is much more significant for the case of the Calvano subcatchments considered here (see Sect. 4.2). Figure 3 shows that the performances of Eqs. (1) and (2) are not significantly related to the watershed size, which varies in the range 43-2015 km 2 for the watersheds tested with the jack-knife validation. Therefore we assume here that Eqs. (1) and (2) are still valid for predicting the SSY in river cross sections with a small contributing area (a few hectares). We are fully aware that this assumption may imply the presence of further uncertainty in the SSY evaluation, that could be reduced only by including in the calibration sample a number of additional small basins. Therefore further research is needed to effectively support a technical application of the proposed approach to small size watersheds. We included such type of application in the present study in order to provide a first contribution for addressing this concern, because the presence of hill reservoirs allows us to compare some of the derived SSY estimates with reservoir siltation data. Although the latter too are affected by uncertainty that cannot be statistically quantified, the comparison we carried out seems to confirm that the order of magnitude of the SSY estimates for the small size watersheds is consistent (see Sect. 4.3).
Quantitative geomorphic analysis and river network acquisition
The geomorphic parameters D d and a were obtained by carrying out a quantitative geomorphic analysis of river network. This methodology makes it possible to obtain an objective watershed characterisation and a quantitative comparison among different river basins (Horton, 1945; Strahler, 1957; Avena et al., 1967; Avena and Lupia Palmieri, 1969) . The geomorphic parameters calculation was performed by means of the GIS tool Geomorf 2k5, which is the updated version of Geomorf 2k1 (De Bonis et al., 2002) . Geomorf 2k5 is an extension of ESRI ArcView®GIS 3.2a which adds to the user interface a set of tools for computing Strahler's stream order and other geomorphic parameters. It also contains tools for removing several geometric and topological inconsistencies in the river network layer induced by editing errors, mainly shape and connectivity errors such as pseudo nodes, overlapping arcs, under-or over-shootings, apparent connections with unsplitted arcs (Fattoruso, 2005) . The Geomorf 2k5 input data were the drainage network layer and the watershed layers. The permanent streams (blue lines) of the drainage network were mapped by using the 1:25 000 official topographic maps of the Italian Military Geographic Institute (IGMI). Additional information derived from the Regione Abruzzo maps with spatial scale of representation 1:10 000-1:25 000, aerial photographs and field observations were used to validate the blue lines. Moreover, a series of field surveys were carried out to check the consistency of the obtained blue lines with the current situation along the basin.
Watersheds limits were automatically extracted by means of the BASIN1 extension of the ArcView®GIS from a high resolution (20m) DEM obtained by vectorial elevation coverages (contour lines and single elevation points). The reliability of the GIS-derived limits was tested by comparison with the official topographic maps. The level of detail of the topographic information is the same as the previous study by Ciccacci et al. (1987) . 
Basin subdivision
In order to evaluate the spatial distribution of soil erosion and sediment yield potential at different river sections, different subdivisions in minor order tributary basins were adopted (Fig. 4) . The first subdivision groups the 4th order subcatchments (Table 2) , to evaluate the gross sediment supply to the Calvano main stream. 4 subcatchments are identified (Cascianella, S. Patrizio, Reilla and Sabbione). The remaining main stream valley (5th order) is also treated as a subcatchment to investigate its sediment supply potential.
The second subdivision is extended to the 3rd order subcatchments. 17 subcatchments can be recognised, within the main stream and the 4 4th order subcatchments (Table 3) . Another subdivision was performed by identifying the 1st and 2nd order subcatchments which flow into small hill reservoirs (Table 4) , in order to evaluate the contribution to reservoir siltation.
A further subdivision was made in order to identify the 1st and 2nd order subcatchments affected by badlands (Fig. 5 and Table 5) , with the aim to assess the relative significance of such severe erosion forms on the whole basin sediment balance.
Test catchments
Four test catchments were selected in order to verify the SSY estimates reliability on the basis of reservoir siltation data. These latter were obtained by means of bathymetric surveys and dredging operations that were carried out by the local administration and the owners. The information available about data collection do not allow derivation of an uncertainty envelope for the reservoir siltation estimates. This is a frequent situation when dealing with such kind of information. However, we believe that these data may provide a further confirmation of the consistency of Eqs. (1) and (2) for small size watersheds.
Two test reservoirs are located within the Calvano River watershed. The first, named 20-Pineto, was built in 1959 and is located in the higher part of the Sabbione subcatchment. Its drainage area is 0.77 km 2 . The reservoir storage was assessed trough bathymetric surveys carried out by the local administration in 1974, when it was estimated to have a residual storage capacity of 30 000 m 3 instead of the initial 35 000 m 3 in 1959. Therefore, an average yearly sedimentation rate of about 333 m 3 can be inferred, corresponding to a specific sediment supply of 4.3 m 3 ha −1 year −1 .
The second test reservoir, named 119-Atri, is located at the outlet of a 3rd order main stream tributary with a drainage area of 0.98 km 2 . It was built in 1970 with an initial storage capacity of 70 000 m 3 . After 35 years, a sediment volume of about 12 500 m 3 was estimated after a dredging operation, corresponding to a sedimentation rate of 357.14 m 3 year −1 .
The other two test reservoirs, 147-Atri and 141-Atri, are located within two stream basins (Piomba and Cerrano streams) that are located very close to the Calvano watershed and are characterised by very similar geomorphological behaviours. Both reservoirs have a contributing area of 0.15 km 2 . Sedimentation data were derived from dredging volumes. For the first reservoir, a sediment volume of 15 000 m 3 was removed after 25 years, corresponding to a sedimentation rate of 600 m 3 year −1 . For the second reservoir, a volume of 1600 m 3 was dredged after 22 years, corresponding to a sedimentation rate of about 70 m 3 year −1 . Tables 2 to 5 show the sediment yield estimates by means of the Eqs. (1) and (2). For each catchment, the estimated yearly area specific sediment yield SSY (Mg km −2 year −1 ) SY loss from the total balance = 43% and yearly total sediment yield SY (Mg year −1 ) are reported. The specific sediment yield of the Calvano River was evaluated in 792.5 Mg km −2 year −1 , which is very close to the average observed SSY in river basins of central Italy (Abruzzo, Marche) flowing to the Adriatic Sea (see Lupia Palmieri, 1983) .
Results and discussion
The first level of basin subdivision (4th order) shows that the S. Patrizio stream can provide the highest sediment supply within the whole basin (about 27 000 Mg year −1 ), followed by the Cascianella stream (about 6000 Mg year −1 ). Moreover, considering that these two streams join together thus originating the 5th order main stream, it can be It can be remarked that the sediment supply referred to the whole basin is lower than the sum of its subcatchment sediment yields. This is mainly explained by the different entity of drainage density. For example, when one refers to the entire Calvano basin (D d =4.05 km −1 ), drainage density is lower than the average D d of its subcatchment (average D d =4.99 km −1 ). This produces a sediment loss quantifiable in 43% of the expected balance given by the sum of the four subcatchments plus the main valley's subcatchment sediment supply (Table 2 ). This indicates a potential for significant deposition along the main stream. If one considered the 3rd order subcatchments of the Calvano River (Table 3) , a mean SSY value of 1477 Mg km −2 year −1 would be estimated, but this value is affected by the exclusion of the basins with D d >7 km −1 that will likely contribute with much higher SSY values. Table 4 reports the SSY estimates referred to river section located immediately upstream 30 small hill reservoirs located in the Calvano watershed. The overall area drained by reservoirs (8.32 km 2 ) is about 24% of the whole Calvano basin. It turns out that 4741 Mg year −1 of sediments are entering into reservoirs. If one assumes that these sediments are completely trapped into the reservoirs, which is reasonable under appropriate working conditions, it appears that 17% of the Calvano yearly sediment yield might be trapped. This means that hill reservoirs are potentially effective in order to limit the siltation of the downstream river network. Table 5 reports the SSY estimates obtained for the subcatchments where the badlands (calanchi) are located. SSY was estimated only for those watersheds where D d <7 km −1 . Badlands affect the whole area of Cascianella and S. Patrizio and a large portion of Reilla and Sabbione subcatchments. The total surface affected by badlands amounts to 14.64 km 2 , corresponding to 42% of the whole Calvano area. In general, the drainage density for all the badlands is significantly high, therefore implying that these areas are particularly prone to soil erosion. In fact, if one only considers the basins where D d <7 km −1 , their area is 35% of whole Calvano area, while their SY is 44% of the total basin SY. By considering that the badlands with the higher drainage density (D d >7 km −1 ), and therefore the higher soil erosion potential, were excluded by this analysis, one can conclude that a significant part of the sediment supply to the Calvano main stream is produced by badlands. This is consistent with what is usually observed in environments with similar geomorphological behaviours.
SSY estimates were also computed for the small catchments draining into the selected test reservoirs. The comparison between the sediment volumes trapped by the reservoirs, converted into sediment yield, and the predicted SSY data allowed us to test the reliability of the SSY estimates for those small size basins (Table 6 ). The reservoir sediment volume data are to be converted into dry weight units and corresponding specific sediment yield by estimating the dry bulk density of the sediments themselves. In absence of direct geotechnical measurements in the test reservoirs, we assumed that the dry sediment bulk density varies in the range 1.2-1.5 Mg m −3 . This value was inferred on the basis of direct measurements of humid sediment bulk densities ranging from 1.6 to 1.9 Mg m −3 that were collected in the Penne reservoir, located along the Tavo River (Ceci et al., 1998) , which is similar to the Calvano River from a climatic and geomorphological point of view (the two watersheds are quite close each other, see Sect. 3.3 and Sect. 4). According to literature indications, the above ranges and their interrelation are reasonable for low compaction sandy-clay materials. Table 6 shows the range of the predicted SSY into the reservoirs, obtained by allowing the dry bulk density of the sediments to vary within the above range. It can be seen that in the four examined cases the predicted SSY show an average difference of 38% if they are compared with reservoir sedimentation data, the best result being showed by 20-Pineto reservoir, where the difference between observed and predicted SSY is in the range 8%-26%. Reservoirs 119-Atri and 141-Atri show a more significant difference. Overall, it can be seen that the comparison provides consistent results. Even if the uncertainty that affects the sediment bulk density and the estimated SSY does not allow one to draw a final conclusion, the order of magnitude of the predicted values is consistent with what was estimated in the field. This result provides a first support to the assumption that the proposed method is valid for predicting the SSY in river sections with small contributing area (down to a few hectares).
A last consideration concerns the relations between sediment yield and basin exposure. In fact, if one grouped the examined secondary (mainly 1st and 2nd order) catchments into prevalently southward and prevalently northward facing (Table 7) , one could see that the mean drainage density in the southward facing group is about 4.6 km −1 , against a mean value of 3.1 km −1 for the northward facing group. The reason for this outcome is that in south facing catchments the vegetal coverage is more discontinuous, given the lower soil humidity, and then sediment erosion processes and channels network development are favoured. Accordingly, Table 7 shows that the estimated SSY from southward catchments resulted, on average, well higher than that from northward catchments.
Conclusions
This study considers the potential application of multiple regression relationships to estimate potential river sediment yield, depending on geomorphic parameters of the contributing area. This kind of approach is potentially useful in order to obtain technical indications about sediment sources in a watershed in absence of the more detailed information that are needed in order to apply a physically based approach.
Given that any empirical model, like the method considered here, is calibrated by referring to specific contexts and is potentially subjected to uncertainty in out of sample applications, a jack-knife validation has been performed in order to test the performances of the suggested technique. Moreover, a further validation of the obtained sediment yield estimates has been performed by using reservoir siltation data. By using simple regression relationships, such as those adopted here, it is possible to recognise the river cross sections along the main stream which are more critical in terms of sediment yield and therefore the river streams were sediment deposition is likely to occur. We believe this kind of approach might be a valuable opportunity for assessing the soil erosion potential over a watershed and stream siltation along a river network. However, the analysis herein carried out refers to a relatively limited range of drainage density and hierarchical anomaly index. Therefore, the analysis of additional field data of suspended sediment yield is needed in order to widen the possible context of application of the proposed method. In particular, we believe additional research is needed to further test the reliability of the SSY estimates for small size watersheds.
Finally, one should note that the topological behaviours of the river network can be meaningfully related to the suspended sediment yield provided the soil erosion is significantly correlated with the river discharge. This requirement is not satisfied in the presence of local and massive sediment inputs to the river network, like those provided by landslides. This is an important consideration for practical applications.
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